We numerically assess the performance and computational complexity of split-step Fourier method based digital backpropagation (DBP) with phase linear approximation (PLA-DBP) for reduced complexity on digital implementation. From Manakov equation, we can confirm that the phase of the received signal compensated with DBP changes almost linearly between optical amplifiers, thus the input signal phase even with dual-polarization can be estimated using linear approximation using only two points. We show the performance evaluation of 28 Gbaud single carrier dual polarization-16 quadrature amplitude modulation (DP-16QAM) format, and 20.0 % reduction in complexity is obtained with transmission distance of 4000 km and input power of 3 dBm.
Introduction
The spectral efficiency is severely limited by the impact of the nonlinear distortion due to the optical Kerr effect in optical communication systems [1] . To mitigate the impact of nonlinearities, several nonlinearity compensation methods such as digital backpropagation (DBP) based on split step Fourier method (SSFM) [2] and Volterra series nonlinear equalizers (VSNE) [3] have been developed. However, due to the highly iterative algorithm, DBP have been regarded as complex for real time processing. Therefore, it is one of the significant technical issues in optical communication systems and low complexity DBP algorithms that provide sufficient performance like conventional one is required. To overcome this problem, several advanced DBP algorithms have been proposed and reduction of the computational complexity has been investigated recently [4]- [6] . Despite these great efforts, there would be room for further improvement in the DBP algorithm for being implemented on a digital signal processor with low power consumption, and we proposed novel efficient nonlinear compensation method for low computational complexity, phase linear approximation-DBP (PLA-DBP) [7] , [8] .
In the calculation for single-polarized quadrature phase shift keying (QPSK) and 16-quadrature amplitude modulation (16QAM) signals by using SSFM based DBP, almost constant signal phase change has been confirmed between the optical amplifiers placed at equal transmission distance. From this property, PLA-DBP is a promising technique to estimate the signal phase at the transmission point with linear approximation using the signal phase at two middle points, thus, the calculation process for the remained transmission link can be omitted and the computational complexity can be reduced. However, its applicability to dualpolarized signals has not been investigated so far.
In this paper, we analytically assess the performance and reduction effect of computational complexity of PLA-DBP for 28 Gbaud single carrier dual polarization-16QAM (DP-16QAM) transmission system compared with conventional SSFM based DBP (C-DBP).
2 Principle of phase linear approximation (PLA) for DP-signal C-DBP is based on the concept that original signals are evaluated from the received signals propagating in the opposite direction against the transmission one through virtual fiber. In polarization division multiplexed (PDM) optical systems, the evolution of optical field envelopes is modeled by the Manakov equation given in Eq. (1), by averaging the vector nonlinear Schrödinger equation (NLSE) over the Poincaré sphere considering that the random birefringence variation in optical fiber occurs much faster than the nonlinear interactions [9] .
where / represents the optical field envelope for two orthogonal and y polarizations, α , 2 , and γ are the attenuation coefficient, group velocity dispersion and nonlinear coefficients of the fiber, respectively. and are the variables of propagation direction and time. SSFM is useful to solve Eq.(1). In this technique, the fiber link is divided into small steps and the linear and nonlinear distortion are taken into consideration in frequency and time domain in each step, respectively. In this letter, C-DBP analysis is calculated with SSFM. Let us consider the attenuation term in the optical field envelope in Eq. (1), and set the relation of Eq. (2),
Then the following equation can be obtained,
Additionally assuming full linear compensation the phase rotation amount of / ′ after distance propagation is
From Eq.(4), is a constant at a fixed . Hence, in this system, the amount of phase change per span (between optical amplifiers) is constant, and the input phase
can be estimated by using linear approximation.
Next, we analytically show the signal phase transition by using C-DBP and linear approximation for 28 Gbaud DP-16QAM in Fig.1(a) . Parameters used in this simulation are as follows; loss of standard single mode fiber (SSMF) of 0.16 dB/km，dispersion parameter of 16 ps/nm/km，nonlinear coefficient of
，core radius of 5.0 µm, word length of 2 19 − 1．Loss is fully compensated by EDFAs with noise figure of 4 dB installed every 100 km, transmission distance of = 2000 km , and launched power of = 0 dBm . Linear approximation is applied with estimated phases at the first and No. span ( : natural number; ≥ 2). The phase transition as a function of the number of calculated span is shown in Fig.1(a) . Here, the phase transition of the symbol located in the middle having phase of /4 among the 3 series consecutive ones with the smallest or largest intensity are affected with minimum or maximum intrachannel cross phase modulation (IXPM), and they are indicated as DBP-minimum or maximum IXPM, respectively. From Fig.1(a) , the phase transition is almost linear with each span regardless of the amount of nonlinear distortion, despite the fact that the change is nonlinear within each step. In addition, all three lines of No.2, No.10, and No.15 are very close to the signal phase transition obtained by C-DBP, and the accuracy of linear approximation becomes better for larger . On the other hand, No.2 with a smaller span number is closer to the assigned phase of /4 after linear approximation. Thus, it should be investigated to find conditions with fewer errors. As in the case of SP-16QAM [8] , the signal intensity changes randomly, however, no large estimation error occurs from the intensity at the point of transmission, thus, the closest intensity is estimated as that at the launched point. Fig.1(b) shows the block diagram of PLA-DBP, and it is divided into three groups. Processing by each group are described as follows; Group 1 is a C-DBP processing based SSFM with fiber divided by small step each step. Group 2 is the process that obtains phases of signals each span and stores them in memories in the system. These process required for linear approximation is performed until the countered number of steps and spans ′ reaches the target steps step and spans span , respectively. In the Group 3, linear approximation is performed to estimate the launched signal phases with two of stored phases. We assume that the and polarizations are separated and polarization mode-dispersion compensated under the optimum condition with a coherent receiver. 
Performance and complexity of PLA-DBP
In this section, we numerically assess the performance and complexity of PLA-DBP. Used parameters are fixed and the same as those used in Fig.1(a) except propagation distance and launched power . is defined as 2 = 20 • log 10 (√2 • (2 • )) where represents the inverse complementary error function. Regarding PLA, step and span are varied within almost the same total computational effort ( N step × N span ). Although the peak power can be increased by PLA ( = −1 dBm), the performance is lower than that of the C-DBP, hence, it is necessary to study the conditions that can obtain sufficient performance. However, the power penalty of PLA-DBP compared with C-DBP is within 0.5dB under the maximum 2 condition.
The performance of PLA-DBP is evaluated by error vector magnitude (EVM) as shown in Fig.2(b) when N span is changed. Although EVM of PLA-DBP can be expected by increasing step and span , that saturates around step = 5 and Nspan < 15, and it approaches to performance limit of C-DBP around step = 5, thus, it can be confirmed that the transmission signal may be estimated from the midpoint of PLA-DBP with a small span and the reduction of computational complexity could be expected, maintaining the EVM as much as C-DBP. Fig.2(c) indicates the combination of step and span reaching the target FEC limit with BER of 2.7 × 10 −2 ( 2 = 5.7dB). Here, launched power of ≥ 3dBm
and transmission distance of 4000km are selected so that BER of only linearly compensated signals are lower than the target value. step and span are in a trade-off relationship to achieve the target BER. Although step can be reduced with increase in span , it can be seen that it gradually saturates. The marked symbols are the combination in which total number of DBP steps ( step × span ) is the smallest under the same launched power. (c) step versus span reaching BER = 2.7 × 10 −2 ; = 4000 km.
Fig. 2.
Performance of PLA-DBP.
In Fig.3 , difference of computational complexity between PLA-DBP and C-DBP is presented. Fig.3(a) indicates LC reach with FEC limit of the target BER = 2.7 × 10 −2 ( 2 = 5.7dB). When the transmission distance L is 2000 km, the launched power P should be 4 dBm or less in order to satisfy the FEC limit with only LC. Similarly, ≤ 3 dBm when = 3000km and ≤ 2 dBm when > 4000km. In order to extend the optical power and the reach further, nonlinear compensation is required. Fig.3(b) shows the reduction rate of complexity by PLA-DBP compared with C-DBP reaching the target BER mentioned above, calculated by {Reduction rate of complexity = 1 − ( step × span )/( step,C−DBP × span,C−DBP (full span))}, where step,C−DBP and span,C−DBP = /(span length) are the number of steps and spans required for C-DBP to achieve target BER. For example, when step,C−DBP = 5 and span,C−DBP (= 2000 / 100) = 20, BER reaches FEC limit, where = 2000 km and = 5 dBm. Transmission distance varies from 2000 km up to 5000 km, in steps of 1000 km, and launched power varies from 3 dBm up to 6 dBm. The maximum reduction rate of complexity is obtained from the combination of step and span under the condition of 2 < 5.7dB with LC as indicated in Fig.3 (a) . Under conditions where the nonlinearity is relatively small, PLA-DBP has a great effect, for example, PLA-DBP allows to reduce the computational complexity of 20.0 % with the same performance as DBP when = 4000 km and = 3 dBm . Even when the nonlinearity is very high, the computational complexity reduction by PLA-DBP can be obtained, for example, reduction of 10.0 % when = 4000 km and = 5 dBm.
(a) LC reach with FEC limit of BER = 2.7 × 10 −2 ( 2 = 5.7dB).
(b) Reduction rate of complexity by PLA-DBP compared with DBP. Fig. 3 .
Evaluation of PLA-DBP complexity.
Conclusion
We presented the performance and complexity of PLA-DBP in 28 Gbaud DP-16QAM in simulation. It is indicated that the phase of optical signal propagating in the fiber varies almost linearly from Eq.(1) between optical amplifiers even for dual-polarized signals. Since the computational complexity and the compensation performance are in a trade-off depending on step and span , there are multiple combination of step and span reaching target BER and the optimum combination was investigated for regions of larger nonlinearity that cannot be reached with only LC. Under the condition of = 4000 km and = 3 dBm, reduction of 20.0 % is obtained in the computational complexity with maintaining the performance.
